1. Introduction {#sec1}
===============

The C--N bond is one of the most common chemical bonds in nature. Cross-coupling reactions involving the formation of C--N bonds have been widely used in the fabrications of chemicals, materials, and medicines.^[@ref1]^ The palladium-catalyzed C--N cross-coupling reactions discovered by Buchwald et al.^[@ref2]^ and Hartwig et al.^[@ref3]^ are the most representative reactions. Since the discovery of the reaction in 1995, there have been many reports in the field of experiments, mainly focusing on modification of the catalyst ligands, aiming to increase the reaction yield to improve the functional group tolerance of substrate and to realize the reaction under milder conditions. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, some well-known ligands such as XPhos,^[@ref4]^ SPhos,^[@ref5]^ RuPhos,^[@ref6]^ and BrettPhos^[@ref7]^ have been demonstrated to have high catalytic activities for specific substrates and have been branded and now put into practical use. In recent years, improvements in ligands have still been in progress.^[@ref8]−[@ref10]^

![(a) Buchwald--Hartwig amination reactions and widely used ligand catalysts Pd-L~1~--Pd-L~11~. (b) Difference in catalyst activity between Pd-BrettPhos and Pd-RuPhos.](ao0c01528_0001){#fig1}

Theoretical calculations have been carried out by several research groups to study the reaction pathways of Buchwald--Hartwig amination reactions, mainly focused on certain steps such as C--Br bond cleavage and C--N bond formation,^[@ref11]^ influence of solvents and bases,^[@ref12]^ and differences in structures of intermediates formed by different ligand catalysts.^[@ref13]−[@ref15]^ It is worth mentioning that Ke and Liu et al.^[@ref16]^ calculated the potential energy curve of Buchwald--Hartwig amination reaction, which contained two key steps: ligand exchange and debromination.

However, the difference in catalytic activity between two kinds of widely used catalyst ligands, BrettPhos and RuPhos,^[@ref17]−[@ref20]^ has not been understood well. As shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, the following question arises: why does BrettPhos have high catalytic activity for primary amines, while RuPhos has high catalytic activity for secondary amines?

Herein, we aim to answer these questions through theoretical studies on the Buchwald--Hartwig amination reaction pathway with different Pd^0^ ligand catalysts. It will be revealed that the catalytic systems of the two ligands, BrettPhos and RuPhos, have different rate-limiting steps. The effects of steric hindrance and electronic structure properties of substituents also play an important role in the reaction systems. Our research results would contribute to the knowledge of the Buchwald--Hartwig amination reaction mechanism, and hence, can provide useful information for the screening of catalysts or a rational design for new types of ligands.

2. Computational Details {#sec2}
========================

All of the quantum chemical calculations were carried out with the Gaussian 16^[@ref21]^ software package. The B3LYP functional^[@ref22]−[@ref24]^ of density functional theory (DFT) method was used in this work. We adopted two basis sets, i.e., basis set 1, B3LYP-D3 6-31G(d,p)//Lanl2dz,^[@ref25]^ which was used for structural optimization, frequency analysis, and intrinsic reaction coordinate (IRC) analysis in SMD^[@ref26]^ implicit solvation model and basis sets 2, B3LYP-D3 6-311++ G(d,p)^[@ref27]^//SDD,^[@ref28]^ which was used to calculate the single point energy. The population analysis was performed using the natural bond orbital (NBO) method.^[@ref29],[@ref30]^ The thermodynamic parameters were calculated at 298.15 K and 1.00 atm. The three-dimensional (3D) model was presented using CYLview^[@ref31]^ software.

The molecular dynamics (MD) simulations of intermediates in toluene solvent molecules were also carried out with the Materials Studio 8.0 software. The atomic charges were obtained by the CHelpG^[@ref32]^ method with Multiwfn^[@ref33]^ software. All of the other parameters were generated from the consistent valence force field (CVFF).^[@ref34]^

3. Results and Discussion {#sec3}
=========================

We start from the study of *Group 1*, in which bromobenzene (**A**~**1**~) reacts with aniline (**B**~**1**~) to form diphenylamine (**C**~**1**~) via catalyst Pd-BrettPhos or Pd-RuPhos, respectively. The whole reaction pathway can be divided into three parts: oxidative addition, deprotonation, and reductive elimination ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a). Configurations of intermediates in the reaction pathway are shown in [Figure S1a](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01528/suppl_file/ao0c01528_si_001.pdf). Considering the associations of sodium ions in intermediates **1** and **5**, we run molecular dynamics simulations for the two intermediates in toluene. The MD snapshots in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b indicate that intermediates **1** and **5** have sufficient stabilities in toluene (detailed data are shown in [Figure S4](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01528/suppl_file/ao0c01528_si_001.pdf)).

![(a) Illustration of the reaction pathway. (b) Potential energy surfaces. Snapshots of molecular dynamics simulations for intermediates **1** and **5** at 50 ps are shown in the insets.](ao0c01528_0002){#fig2}

3.1. Oxidative Addition {#sec3.1}
-----------------------

Initially, the active Pd-BrettPhos/Pd-RuPhos is combined with the base sodium tert-butoxide to form intermediate **1**, i.e., **G**~**1**~**-Brett-1**/**G**~**1**~**-Ru-1** (G~1~ refers to *Group 1* system; "Brett" and "Ru" represent BrettPhos and RuPhos, respectively); then, intermediate **1**, **G**~**1**~**-Brett-1**/**G**~**1**~**-Ru-1**, would coordinate with substrate **A**~**1**~ by ligand exchange, and the base is removed to form intermediate **2**, **G**~**1**~**-Brett-2/G**~**1**~**-Ru-2**. In the following step, the cleavage of C--Br bond of intermediate **2**, **G**~**1**~**-Brett-2/G**~**1**~**-Ru-2**, occurs via the transition state **TS**~**1**~, **G**~**1**~**-Brett-TS**~**1**~/**G**~**1**~**-Ru-TS**~**1**~, to form intermediate **3**, **G**~**1**~**-Brett-3**/**G**~**1**~**-Ru-3**. Among them, the combination of Pd-BrettPhos/Pd-RuPhos and base in the first step is indispensable because it lies in the energy basin on the potential energy surface ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). The activation energy barrier of oxidative addition is 23.3 kcal/mol (BrettPhos) or 13.3 kcal/mol (RuPhos).

3.2. Deprotonation {#sec3.2}
------------------

Substrate **B**~**1**~ further coordinated with intermediate **3**, **G**~**1**~**-Brett-3**/**G**~**1**~**-Ru-3**, to form a four-coordinated intermediate **4**, **G**~**1**~**-Brett-4**/**G**~**1**~**-Ru-4**; then, sodium tert-butoxide would grab the proton of aniline in intermediate **4**, **G**~**1**~**-Brett-4**/**G**~**1**~**-Ru-4**, to form the deprotonated intermediate **5**, **G**~**1**~**-Brett-5**/**G**~**1**~**-Ru-5**, which is another local minimum on the potential energy surface ([Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}b). With the presence of bromine and palladium atoms, the sodium ion would form a complex instead of detaching from the intermediate.

3.3. Reductive Elimination {#sec3.3}
--------------------------

Further, intermediate **5**, **G**~**1**~**-Brett-5**/**G**~**1**~**-Ru-5**, is debrominated to form intermediate **6**, **G**~**1**~**-Brett-6**/**G**~**1**~**-Ru-6**, followed by the detachment of Pd-BrettPhos/Pd-RuPhos via the transition state **TS**~**2**~, **G**~**1**~**-Brett-TS**~**2**~/**G**~**1**~**-Ru-TS**~**2**~, and the C--N bond formation to form product **C**~**1**~. Pd-BrettPhos/Pd-RuPhos continues to participate in the new reaction cycle. The activation energy barrier of reductive elimination is 19.8 kcal/mol (BrettPhos) or 32.0 kcal/mol (RuPhos).

3.4. Rate-Limiting Step of Pd-BrettPhos and Pd-RuPhos Catalytic Systems {#sec3.4}
-----------------------------------------------------------------------

Moreover, the rate-limitng step of Pd-BrettPhos catalytic system is oxidative addition and that of Pd-RuPhos catalytic system is reductive elimination, and it is the most significant difference between the two ligands. To further study the influence of different substrates, a series of *Group 1*--*5* reactions with different steric hindrances in substrates were selected. As shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a, bromobenzene **A**~**1**~ reacting with five different anilines with increasingly large alkyl substitutions were introduced, and named **B**~**1**~--**B**~**5**~. The calculation results in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b clearly show that for Pd-BrettPhos catalytic systems, all of the energy barriers of oxidative addition are higher than those of reductive elimination, while for Pd-RuPhos, the trend is just the opposite (detailed data are shown in [Figure S2a--e](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01528/suppl_file/ao0c01528_si_001.pdf)). It is meaningful to recall that Buchwald et al.^[@ref20]^ carried out kinetic studies of Buchwald--Hartwig amination of 3-bromoanisole and diphenylamine catalyzed by several kinds of ligand catalysts. It was found that the rate law of Pd-RuPhos catalytic system is consistent with the conclusion drawn from our computational results that reductive elimination is the rate-limiting step, while the rate law of Pd-BrettPhos catalytic system is different from that of Pd-RuPhos.

![(a) *Group 1*--*5* reactions. (b) Differences in rate-limiting steps between Pd-BrettPhos and Pd-RuPhos catalytic systems.](ao0c01528_0003){#fig3}

Comparing the differences in steric hindrance between the two ligand catalysts ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a), it can be seen that for Pd-BrettPhos, due to the presence of two methoxy groups in the "upper" benzene ring and isopropyl at the fourth position of the "lower" benzene ring, the hindrance around palladium atom is large, so the substrate tends to leave and the energy barrier of oxidative addition is higher than that of reductive elimination; but for Pd-RuPhos, the hindrance around palladium atom is relatively small, so the substrate tends to approach each other and the energy barrier of the reductive elimination is relatively higher.

![(a) Differences in steric hindrance between Pd-BrettPhos and Pd-RuPhos. (b) Differences in the electronic structures between Pd-BrettPhos and Pd-RuPhos.](ao0c01528_0004){#fig4}

In addition, from the viewpoint of the electronic structure ([Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b), we found that Pd-BrettPhos is an electron-rich system compared with Pd-RuPhos. Combining the previous conclusions, we can infer that the electron-rich Pd^0^ ligand catalyst tends to be more conducive to the elimination of substrates, while the relatively electron-deficient one tends to be more feasible for the addition of substrates. It was also demonstrated in experiments that an electron-rich lower aryl ring would lower the rate of reductive elimination.^[@ref35]^

3.5. Substituent Effects {#sec3.5}
------------------------

It would be shown that amines with substituents of large steric hindrance would reduce the energy barriers of reductive elimination. From *Group 1*--*5* reactions, it can be seen from [Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a that as the steric hindrance of amine increases, the energy barrier of reductive elimination gradually decreases. It is beneficial for the Pd-RuPhos catalytic system, of which the rate-limiting step is reductive elimination. As for Pd-BrettPhos, the energy barrier of oxidative addition is almost unchanged and lower than that of reductive elimination, so the rate-limiting step of Pd-BrettPhos catalytic system is still unchanged. As for primary amines or secondary amines with small steric hindrance, BrettPhos is more suitable than RuPhos ([Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b). Our following work will show that only when the steric hindrance of amine is large enough will RuPhos be more suitable than BrettPhos.

![(a) Energy barriers of reductive elimination. (b) Length and Wiberg bond index (WBI) of Pd-Br bonds of intermediates **G**~**1**~**-Ru-5**--**G**~**5**~**-Ru-5**. C--H bonds are hidden.](ao0c01528_0005){#fig5}

It has been previously mentioned that reductive elimination involves two steps: debromination and C--N bond formation. As the steric hindrance of the amine increases, the major contribution of the reduced energy barrier to reductive elimination is derived from debromination ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}a). We compared the configurations of intermediates **G**~**1**~**-Ru-5**--**G**~**5**~**-Ru-5** in the five groups, and it can be seen that the Pd-Br bond length gradually increases ([Figure [5](#fig5){ref-type="fig"}](#fig5){ref-type="fig"}b), while the Wiberg bond index of Pd-Br bond gradually decreases. So Pd-Br bond is more likely to cleave if the amine has large steric groups, leading to a decrease in the energy barrier of the rate-limiting step of the entire Pd-RuPhos catalytic system.

In addition, halides with electron-withdrawing groups would reduce the energy barriers. Here, we designed *Group 6* (G6) and *Group7* (G7) reactions ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}a), which includes methoxy-substituted **A**~**2**~ and nitro-substituted **A**~**3**~, representative of electron-donating groups and electron-withdrawing groups, respectively. As shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b, compared with *Group 1*, the energy barriers of oxidative addition and reductive elimination of *Group 6* are both increased, while those of *Group 7* are decreased (detailed data are shown in [Figure S2f and S2g](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01528/suppl_file/ao0c01528_si_001.pdf)). Therefore, halides with electron-withdrawing groups are advantageous for both Pd-BrettPhos and Pd-RuPhos catalytic systems. This conclusion has been demonstrated by relevant kinetic studies in experiments.^[@ref36],[@ref37]^

![(a) *Groups 1*, *6*, and *7* reactions. (b) Energy barriers of oxidative addition (left) and reductive elimination (right). (c) Lengths and Wiberg bond indexes (WBI) of Pd--C bonds of intermediates **G**~**1**~**-Brett-2**, **G**~**6**~**-Brett-2**, and **G**~**7**~**-Brett-2**. C--H bonds are hidden. (d) Frontier orbital energy of Pd-RuPhos and products **C**~**1**~, **C**~**6**~, and **C**~**7**~.](ao0c01528_0006){#fig6}

The main contribution of the increase or decrease of the energy barrier of oxidative addition comes from ligand exchange ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). Herein, we calculated the Wiberg bond index of the Pd--C bond of intermediates **G**~**1**~**-Brett-2**, **G**~**6**~**-Brett-2**, and **G**~**7**~**-Brett-2** from *Groups 1*, *6*, and *7* reactions, respectively. Results in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}c indicate that the Pd--C bond of **G**~**7**~**-Brett-2** is stronger than the other two.

Similarly, the main contribution of the increase or decrease of the energy barrier of reductive elimination comes from C--N bond formation ([Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}b). Focusing on the final step of the reaction path, in which the products detach from Pd-RuPhos, we calculated the frontier orbital energy of Pd-RuPhos and products **C**~**1**~, **C**~**6**~, and **C**~**7**~, as shown in [Figure [6](#fig6){ref-type="fig"}](#fig6){ref-type="fig"}d. It is interesting that products with lower highest occupied molecular orbital (HOMO) energies tend to have lower C--N bond formation energy barriers.

To further survey the differences in catalytic activity between BrettPhos and RuPhos, we carried out DFT calculations on the reaction of *p*-methoxybromobenzene with aniline and morpholine, which was reported by Buchwald et al.^[@ref17]^ From their work, we knew that in the reaction of *p*-methoxybromobenzene and aniline (*Group 6*), BrettPhos has higher catalytic activity and enables the reaction in 10 min, while in the reaction of *p*-methoxybromobenzene and morpholine (*Group 8*), RuPhos has the higher catalytic activity and enables the reaction in 3 min ([Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}a). We focused on the rate-limiting steps of reactions and compared the energy barriers of the two ligands. The calculation results of these two reactions are also shown in [Figure [7](#fig7){ref-type="fig"}](#fig7){ref-type="fig"}b. For *Group 6*, Pd-BrettPhos catalytic system has a lower energy barrier, while for *Group 8*, Pd-RuPhos catalytic system has a lower energy barrier (detailed data are shown in [Figure S2f and h](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01528/suppl_file/ao0c01528_si_001.pdf)), which is consistent with the experimental results of gas chromatography (GC) yield. Compared with *Group 6*, morpholine selected in *Group 8* is a secondary amine and has a large steric hindrance, resulting in a reduction in the energy barrier of reductive elimination.

![(a) *Group 6* and *8* reactions from the work of Buchwald et al.^[@ref17]^ (b) GC yield from the work of Buchwald et al.,^[@ref17]^ and energy barriers of the rate-limiting step using the two ligands.](ao0c01528_0007){#fig7}

4. Conclusions {#sec4}
==============

We carried out systematic calculations to understand the difference in catalytic activity between BrettPhos and RuPhos. Due to differences in steric hindrance and electronic structures of the two ligand catalysts, the rate-limiting step of Pd-BrettPhos catalytic system is oxidative addition but that of Pd-RuPhos is reductive elimination. We also found that amines with substituents of large steric hindrance or halides with electron-withdrawing groups would reduce the energy barriers of reactions. Our results would provide useful information for the screening of catalysts of the Buchwald--Hartwig amination reaction and make it useful for a rational design of new types of ligands.

The Supporting Information is available free of charge at [https://pubs.acs.org/doi/10.1021/acsomega.0c01528](https://pubs.acs.org/doi/10.1021/acsomega.0c01528?goto=supporting-info).Details of DFT calculations of optimized structures of intermediates and transition states; potential energy surfaces; intrinsic reaction coordinate (IRC) analyses for the transition states; molecular dynamics simulations for the intermediates **G**~**1**~**-Brett-1** and **G**~**1**~**-Brett-5**; Cartesian coordinates and energies of all species ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acsomega.0c01528/suppl_file/ao0c01528_si_001.pdf))
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